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Abstract
Novel peptide motives targeting endocytosing receptors were isolated from phage display libraries of random peptides by
recovering internalized phage from mammalian cells. The peptide-presenting phage selected by internalization in HEp-2 and
ECV304 human cells were taken up 1000- to 100 000-fold more efficiently than their parent libraries, and from 10 to 100
times faster than phage particles displaying integrin-binding peptides. A high degree of selectivity of phage uptake was
observed in these cells : phage selected in ECV304 cells were internalized approximately 100-fold more efficiently in ECV304
cells than in HEp-2 cells. Likewise, phage selected in HEp-2 cells were subsequently taken up approximately 40-fold more
efficiently by HEp-2 cells than by ECV304 cells. In multiple independent trials using a cyclic peptide library, an identical
peptide sequence displayed on phage was internalized by and recovered from ECV304 cells. These findings indicate that the
internalization process is highly selective, and is capable of capturing a specific peptide from 2U107 peptide variants.
Immunofluorescence microscopy showed juxtanuclear localization of internalized phage. These results demonstrate the
feasibility of using multivalent phage-display libraries to identify new targeting ligands for the intracellular delivery of
macromolecules. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
Receptor-mediated endocytosis is widely exploited
in experimental systems as a natural pathway for the
targeted delivery of therapeutic agents into cells [1].
In these systems, ligands that bind to target receptors
or cell surface antigens are coupled to appropriate
drugs, radioisotopes or toxins [2^4]. Ligands can
also be attached to delivery vehicles, such as syn-
thetic gene complexes [5], liposomes [6,7], or viruses
[8^10]. Upon exposure to cells, these vehicles bind
cell receptors and undergo endocytosis. Once inside
the cell, the therapeutic agent is transported to a
speci¢c intracellular compartment where it exerts its
e¡ects. The application of this approach in vivo is
limited by several factors ^ principally the low tar-
geting e⁄ciency of receptor-mediated delivery sys-
tems. One way to improve targeting e⁄ciency is to
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generate novel ligands that would provide a higher
speci¢city and increased rate of internalization. New
cell-speci¢c antibodies that exhibit highly selective
endocytosis by target cells have been used for this
purpose, and have resulted in the development of
novel drug delivery systems (for examples see
[7,11]). However, the limited repertoire of known
cell speci¢c antibodies poses a major limitation on
the widespread use of this strategy.
Phage display technology [12,13] provides a new
and practically unlimited source of molecular var-
iants, including short peptides [14], antibody frag-
ments [15], and modi¢cations of natural ligands to
cell receptors [16,17]. To exploit this technology for
the isolation of cell-speci¢c ligands for receptor-
mediated intracellular delivery, the phage display
vectors should not only be able to bind the cell sur-
face and undergo internalization, but also should be
capable of being recovered in an infective form for
subsequent rounds of ampli¢cation and reselection.
It has been shown that ¢lamentous bacteriophage
exposing multiple copies of integrin-binding peptide
bind to mammalian cells and undergo internalization
as visualized by immuno£uorescence microscopy
[18]. We have previously demonstrated that phage
internalized by mammalian cells enter two distinct
subcellular compartments and can be recovered
from both these compartments in an infective form
[19]. We now report the means for screening phage
display libraries and selection of the ligands targeting
endocytosed receptors. We describe the application
of this approach to isolate phage-displayed peptides
that speci¢cally internalized by mammalian cells.
2. Materials and methods
2.1. Materials
Human HEp-2 laryngeal carcinoma and human
ECV304 endothelial cell lines were obtained from
the American Type Culture Collection. HEp-2 cells
were grown in Dulbecco’s modi¢ed Eagle medium
(Life Technologies) supplemented with 10% FBS
(Sigma). ECV304 cells were propagated in Medium
199 (Life Technologies) supplemented with 10% of
heat-inactivated FBS, and Antibiotic^Antimycotic
cocktail (Life Technologies).
The phagemid pC89 and the nonapeptide libraries
constructed using this vector in the N-terminal re-
gion of the major coat protein pVIII (Fig. 1) were
described [20,21].
2.2. Screening of phage libraries for peptides that
mediate phage internalization
HEp-2 and ECV304 cells were grown in 150-mm
tissue culture dishes (Corning) for 2 days to reach a
subcon£uent monolayer. Cells were washed with me-
dium supplemented with 10% FBS, and 15 ml of
medium was added to each dish. An aliquot of a
library containing 3U1011 TU was added to the cells
and mixed by rocking the plates. Each library was
represented by approximately 108 independent clones
with at least 25% of the clones producing a recombi-
nant protein and thus likely displaying a peptide on
the phage surface [20,21]. Therefore, in the aliquot
used for screening, each clone was represented by an
average of 3000 TU. After the phage were added to
the cells, an aliquot of tissue culture medium was
saved from each dish to determine the actual phage
input. In experiments using chloroquine, cells were
preincubated with tissue culture medium supple-
mented with 10% FBS and 100 WM chloroquine for
30 min at 37‡C prior to the addition of phage. Fol-
lowing the incubation of the cells with phage at 37‡C
for the required period of time (3^24 h), the internal-
ization events were stopped by placing the dishes into
ice for 5 min. The following procedures until cell
lysis were performed at 4‡C. Cells were washed
four times with 40 ml of HBSS (Life Technologies),
and once with 40 ml HBSS(3). To inactivate the
extracellular phage, cells were incubated with 11 ml
of subtilisin (3 mg/ml Protease Type XXVII (Sigma)
prepared in Bu¡er I (HBSS(3), 20 mM Tris, 2 mM
EDTA, pH 8.0) for 1 h. Cells were detached from the
wells by gentle pipetting to achieve a single-cell sus-
pension and then collected into conical-bottom 15-ml
centrifuge tubes. To inactivate the subtilisin, cells
were pelleted by centrifugation (200Ug, 5 min), re-
suspended in 6 ml of 1 mM PMSF in HBSS(3)
containing 2 mM EDTA, and incubated for 15 min.
Cells were washed with Bu¡er I, pelleted again, and
the pellets resuspended in 2 ml of lysis bu¡er (2%
sodium deoxycholate (Sigma), 10 mM Tris, 2 mM
EDTA, pH 8.0) at room temperature, which was
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followed by the addition of 1 ml of TBS bu¡er
(50 mM Tris, 150 mM NaCl, pH 7.5) to each sample.
To ensure complete cell lysis and liberation of inter-
nalized phage, lysates were vortexed 3 times for 10 s
each at maximum speed, pipetted 20 times, and al-
lowed to stay at room temperature for 1 h. An ali-
quot of each lysate was saved to determine the total
number of phage recovered. In order to neutralize
EDTA in the lysis bu¡er and perform infection,
60 Wl of 100 mM CaCl2 was added to 5 ml of E.
coli XLI-Blue bacteria (Stratagene) at late log phase
of growth, and then mixed with each cell lysate. The
mixtures were incubated for 15 min at 37‡C in a
water bath without agitation followed by a 30-min
incubation with gentle shaking at 80 rpm. Bacteria
were collected by centrifugation (4000Ug, 10 min)
and resuspended in 1 ml of LB medium. An aliquot
of each bacterial suspension was saved to determine
the total number of bacteria infected. Bacteria from
each lysate were spread on four 150-mm diameter LB
plates containing 100 Wg/ml ampicillin and 1% (w/v)
glucose and incubated overnight at 37‡C. Bacteria
colonies were scraped from the plate surface and
resuspended in 3 ml of LB per plate.
The phage recovered from the cell lysate were
propagated essentially as described [22]. Thirty milli-
liters of LB containing ampicillin (50 Wg/ml) was
inoculated with the scraped bacteria to an optical
density OD600 of 0.05. Cultures were incubated at
37‡C with vigorous shaking for about 2 h until
OD600W0.25 followed by gentle agitation at
80 rpm for an additional 15 min to allow regenera-
tion of pili. Bacteria were then superinfected with
M13KO7 helper phage (Pharmacia Biotech) at a
multiplicity of infection of approximately 30. IPTG
was added at this time (1 mM ¢nal concentration).
Cultures were incubated for 15 min at 37‡C without
agitation to allow for infection, aliquoted into test
tubes, and incubated at 37‡C for 5 h on a roller
drum. Following incubation, bacteria were elimi-
nated by centrifugation (4000Ug, 15 min), and phage
particles were precipitated from the supernatant by
adding PEG8000/NaCl (5% and 0.27 M ¢nal concen-
trations, respectively) for 1.5 h at 4‡C. Phage were
pelleted by centrifugation (11 500Ug, 30 min) and
resuspended in 0.015 supernatant volume of TBS
bu¡er. Phage samples were incubated for 30 min at
70‡C, and bacterial debris were removed by centrifu-
gation (15 000Ug, 5 min). Phage titer was deter-
mined as described [19]. The preparations were
stored at 4‡C.
In consecutive rounds of selection, phage input per
tissue culture dish was adjusted so that the number
of TU recovered from the cell lysate did not exceed
105 to 5U106.
Phagemid DNA from individual bacterial clones
was puri¢ed on QIAprep columns (Qiagen). The pep-
tide-encoding DNA inserts were sequenced using
M13 (340) primer (United States Biochemical) with
a Prism 377 automated DNA Sequenator and Fluo-
rescent Labeled Dye Deoxy Terminator Chemistry
sequencing protocol (PE Biosystems).
2.3. Phage internalization assay
The HEp-2 and ECV304 cells were grown as sub-
con£uent monolayers in 6-well tissue culture plates
(Falcon). Cells were incubated with phage for 3 h at
37‡C, and the number of internalized intact phage
was determined as described [19].
2.4. Immuno£uorescence microscopy
HEp-2 and ECV304 cells were grown on 8-well
Lab-Tek chamber glass slides (Nunc). Following in-
cubation of the cells with phage for 5 h at 37‡C, the
internalized phage particles were visualized by immu-
nostaining as described [19].
3. Results
3.1. Selection of phage that undergo internalization by
tissue culture cells
To identify novel peptide ligands targeting endo-
cytosing receptors, we used libraries of random pep-
tides displayed on pC89 phagemid particles (Fig. 1).
Libraries in this particular vector were chosen be-
cause of a relatively small length of these phage
(ca. 0.5 Wm), and a multivalent mode of peptide pre-
sentation, which we have previously shown to be
principally important for e¡ective phage uptake
[19]. In order to screen the libraries, the procedure
that had been developed for the quantitation of in-
ternalized intact phage [19] was scaled up. Our initial
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selection experiments showed that the ratio of the
number of internalized phage to the number of
phage added increased rapidly and reached a maxi-
mum value after three or four rounds of selection
(Fig. 2A). Approximately 25% of clones in the orig-
inal library contained productive peptide inserts that
could be easily identi¢ed on L-galactosidase indicator
plates [21]. After two rounds of selection, the portion
of peptide-containing clones rapidly increased to 90^
98% demonstrating e¡ective selection of insert-con-
taining phage. Similar results were obtained in selec-
tion experiments performed under di¡erent condi-
tions using the library of random cyclic peptides
(Fig. 2A^C). After three rounds of selection, isolated
phage populations were internalized from 1000- to
100 000-fold more e⁄ciently than the parent library.
The linear peptide library also provided rapid isola-
tion of internalized phage after three rounds of se-
lection (Fig. 2D). Since the conformationally con-
strained cyclic peptides generally demonstrate
higher a⁄nity for target receptors than uncon-
strained linear peptides [13,23], we performed further
experiments with pVIII-9aa.Cys library of cyclic pep-
tides.
We next investigated whether speci¢c selection
conditions would favor isolation of phage that
undergo di¡erent intracellular routing. The use of
chloroquine, a lysosomotropic agent, would be ex-
pected to favor survival and recovery of phage trans-
ported to lysosomes. On the other hand, prolonged
incubation with phage would be expected to facilitate
the accumulation of phage that evade lysosomes. We
performed selection in the presence (Fig. 2A) or ab-
sence (Fig. 2B,C) of 100 WM chloroquine, and with
3 h (Fig. 2B) or 24 h (Fig. 2C) incubation periods.
To trace the intracellular fate of isolated phage pop-
ulations, we measured the e¡ect of chloroquine on
the titer of recovered phage (Fig. 3). Phage popula-
tions isolated after three rounds of uptake by HEp-2
cells in either the presence (Hch3-phage) or absence
(H3-phage) of chloroquine were then incubated with
Fig. 1. Amino acid sequence of the N-terminal portion of the
wild-type major coat protein (pVIII) and the recombinant pVIII
containing random oligopeptide inserts. The randomized resi-
dues are marked with (X). In the pVIII-9aa.Cys library [21],
the random peptide sequences are £anked by two cysteines to
favor the presentation of the peptides in a conformationally
constrained cyclic form. The putative disul¢de bond is indi-
cated. In the pVIII-9aa library [20], the random peptides are ex-
pressed in a linear form. Both libraries are represented by ap-
proximately 2U107 independent clones encoding random
peptide sequences [20,21]. The amino acid sequence of inserted
oligopeptides is shown in bold.
Fig. 2. Enrichment in the yield of internalized phage in consec-
utive selection steps. ECV304 or HEp-2 cells were incubated
with a random peptide library for a speci¢ed period of time at
37‡C. The extracellularly bound phage were inactivated by sub-
tilisin treatment. Internalized phage were recovered by lysis of
the cells, and were used for propagation in bacteria and reselec-
tion as described in Section 2. The numbers of consecutive se-
lection steps are plotted on the x-axis. Peptide-bearing phage
were selected in four independent experiments from either the
cyclic peptide library, pVIII-9aa.Cys (A^C), or the linear pep-
tide library, pVIII-9aa (D). The bars represent a fraction of the
applied phage population recovered from ECV304 (open bars,
E) or HEp-2 (¢lled bars, F) cells. (A) Cells were incubated with
the cyclic peptide library for 5 h in the presence of 100 WM
chloroquine. Phage populations recovered from ECV304 and
HEp-2 cells are designated as Ech and Hch, respectively. (B)
Cells were incubated with the cyclic peptide library for 3 h in
the absence of chloroquine. Phage populations recovered from
ECV304 and HEp-2 cells are designated as E and H, respec-
tively. (C) ECV304 cells were incubated with the cyclic peptide
library for 24 h in the absence of chloroquine. Populations of
phage recovered in cell lysates are designated as 24E. (D)
ECV304 cells were incubated with the linear peptide library for
3 h in the absence of chloroquine. Phage populations recovered
in cell lysates are designated as lpE.
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HEp-2 cells to determine whether chloroquine would
cause di¡erent e¡ects on titer of recovered phage. As
shown in Fig. 3A, chloroquine increased the phage
titer 1.5^1.6 times in both phage populations. Simi-
larly, phage populations selected after three rounds
of uptake by ECV304 cells in either the presence
(Ech3-phage) or absence (E3-phage) of chloroquine
were then incubated with ECV304 cells (Fig. 3B).
Chloroquine increased the phage yield approximately
ten-fold for both Ech3 and E3 phage populations.
These data suggest that phage populations isolated
in the presence or absence of chloroquine undergo
similar intracellular fates. In contrast, the two cell
lines di¡ered in the e¡ect of chloroquine on the sur-
vival of internalized phage: phage yield increased
from 1.5 to 1.6 times in HEp-2 cells (Fig. 3A), and
up to 10-fold in ECV304 cells (Fig. 3B). These results
suggest that internalized phage undergo di¡erent
routing in each cell line, directed primarily to lyso-
somes in ECV304 cells, and directed primarily to a
non-lysosomal compartment(s) in HEp-2 cells. While
chloroquine can exert non-lysosomal e¡ects in mam-
malian cells (e.g. [24]), it is well documented that
lysosomes are a major site of chloroquine accumula-
tion [25]. Within lysosomes, chloroquine increases
internal pH and thereby inhibits lysosomal hydrol-
ases and prevents degradation of macromolecules
[25]. Our £uorescence microscopy study revealed
that chloroquine prevented processing of internalized
phage into ¢ne scattered particles, but rather pro-
moted accumulation of phage into large aggregates
(Fig. 4I, compare to Fig. 4F). It is likely that the
major e¡ect of chloroquine on the viability of inter-
nalized phage could be attributed to the inhibition of
phage degradation in lysosomes, although other pos-
sibilities cannot be formally excluded.
3.2. Characterization of the isolated peptides that
mediate phage internalization
DNA from individual clones of isolated phage was
sequenced to infer amino acid sequence of displayed
peptides (Table 1). In the Hch3 phage population
that was selected after three rounds of internalization
by HEp-2 cells in the presence of chloroquine, a
phage isolate (1) was obtained multiple times sug-
gesting that this particular peptide was more readily
taken up by the cells. After two additional rounds of
selection, the isolates from the Hch5 phage popula-
tion exhibited a common motif consisting of glycine
Fig. 3. Internalization of selected phage populations by HEp-2 and ECV304 cells, and the e¡ect of chloroquine on recovery of inter-
nalized phage. Phage populations are designated as in the legend to Fig. 2. The following number corresponds to the selection step
(e.g. the phage population designated as Hch3-phage was obtained after the third round of selection of pVIII-9aa.Cys library on
HEp-2 cells as shown in Fig. 2A). HEp-2 cells (A) and ECV304 cells (B) were grown in 6-well plates to a subcon£uent monolayer,
and then incubated with the indicated phage population (2U1010 TU/well) for 3 h at 37‡C in the absence (open bars) or presence
(hatched bars) of 100 WM chloroquine. The number of internalized intact phage was assayed as described [19]. Results are shown as
the mean þ S.D. of phage yield from 9 wells, and are representative of two experiments. Statistical analysis was performed using un-
paired Student’s t test.
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residues occupying the ¢fth, seventh, and ninth posi-
tions, and a hydrophobic residue in the eighth posi-
tion (Table 1). In the independent selection experi-
ment performed with HEp-2 cells in the absence of
chloroquine, di¡erent peptides were identi¢ed within
the H3 phage population. However, they exhibited a
motif resembling that from the Hch5 isolates. Thus,
all isolates from the H3 population had glycine in the
seventh and ninth positions, and a hydrophobic res-
idue in the eighth position, which is similar to the
motif found in the Hch5 isolates. The same peptide
sequence was isolated in two independent selection
experiments (Table 1, inserts 6 and 8). Taken togeth-
er, these results suggest that, regardless of the selec-
tion conditions, phage-displayed peptides target the
same or very similar receptors on the surface of
HEp-2 cells.
In three independent selection experiments per-
formed under di¡erent conditions with ECV304 cells,
identical peptides were identi¢ed in phage popula-
tions Ech3, E3, and 24E3 after three rounds of inter-
nalization (Table 1). Two peptides isolated within
each phage population showed high amino acid sim-
ilarity. In both peptides, positions one, two, three,
seven, and nine were occupied by the identical amino
acid residues, and positions four and ¢ve were occu-
pied by conservative hydrophobic and positively
charged residues, respectively. The data demonstrate
a remarkable selectivity of the internalization process
in ECV304 cells resulting in the isolation of two par-
ticular peptides from approximately 2U107 variants.
These results also suggest that peptides selected
under di¡erent conditions target the same receptors
6
Fig. 4. Detection of internalized phage particles by immuno£uorescence microscopy. The cells were grown on chamber slides and incu-
bated with Hch5-phage or Ech3-phage (2U109 TU/well) for 5 h at 37‡C. The slides were then processed for immunodetection of
phage particles as described in Section 2. Hch5-phage were incubated with HEp-2 cells (A^C) and ECV304 cells (D), followed by im-
munostaining. Localization of phage particles bound to the surface of HEp-2 cells was demonstrated in the optical plane through the
very apical region of the cells (A), whereas the internalized phage were revealed in the optical planes through the middle of the same
cells (B), as indicated by arrowheads. In C, permeabilization of the cells with saponin was omitted in order to identify extracellular
bound phage only, and the optical plane through the middle of cells is shown. The background £uorescence reveals the cell nuclei in
D, and also in E^I. Ech3-phage were incubated with ECV304 cells (E^G) and HEp-2 cells (H), followed by immunostaining. E and F
Show the same cells in two optical planes: at the level of £attened periphery of the cells (E) and through the cell nuclei (F). Punctuate
immuno£uorescence of phage particles bound to the surface of cells is shown in E. Two cells whose nuclei are marked with asterisks
(E) demonstrate no binding or uptake of phage. Internalized phage clustered on one side of the cell nuclei are revealed in the optical
plane through the cell nuclei, as indicated by arrowheads (F). In G, permeabilization of ECV304 cells was omitted, and the optical
plane through the cell nuclei is shown. (I) ECV304 cells were incubated with Ech3-phage in the presence of 100 WM chloroquine fol-
lowed by immunostaining. Arrowheads in I indicate large accumulations of internalized phage; Nu, cell nucleus. Scale bar: 20 Wm.
Table 1
Amino acid sequence of the isolated peptides that mediate
phage internalization
Phage
population
Insert Amino acid sequence of the insert
123456789
Hch3 1 (3) [AEGEFC]^RLTGGKGVG^[CGDPAK...]
2 TSGFSYGAW
3 IYPSYGTTL
4 TLYGSRGVG
Hch5 5 (2) RLTGGKGVG
6 QISHGTGIG
H3 7 (2) ARHGSSGAG
8 QISHGTGIG
9 TREPFGVG
Ech3 10 (3) SPLWRNSHL
11 SPLFKHSVL
E3 12 (3) SPLWRNSHL
13 SPLFKHSVL
24E3 14 (3) SPLWRNSHL
15 SPLFKHSVL
Phage populations are designated as described in legends to
Figs. 2 and 3. Hch3 and Hch5 correspond to phage populations
isolated after three and ¢ve rounds of selection, respectively, in
the same selection experiment (Fig. 2A). All other phage popu-
lations were isolated in independent selection experiments (Fig.
2). Phagemid DNA from 25 individual bacterial clones was pu-
ri¢ed, sequenced, and the amino acid sequence of the peptide
insert was deduced. If greater than one, the number of occur-
rences of a particular insert is indicated in parentheses. Conven-
tional single letter amino acid code is used. Only the variable
inserts of nine amino acid residues located between two cys-
teines are shown. Position of these residues is numbered at the
top. For insert 1, the invariable £anking sequences presented in
all pVIII-fusion isolates are shown in the brackets. In insert 9,
an in-frame deletion of one residue was detected. Within each
phage population, the same residues found in peptide inserts in
the same position are underlined.
BBAMCR 14429 5-1-99
V.V. Ivanenkov et al. / Biochimica et Biophysica Acta 1448 (1999) 463^472 469
on the surface of ECV304 cells, which probably me-
diate the highest rate of phage uptake.
3.3. Selectivity of peptide-mediated phage uptake
Ech3-phage were internalized by ECV304 cells
about 100-fold more e⁄ciently than HEp-2 cells (Ta-
ble 2). Likewise, Hch5-phage were taken up by
HEp-2 cells approximately 40 times more e⁄ciently
than ECV304 cells. These data show that although
no attempts were taken to restrict the internalization
of isolated phage to a particular cell type, the selec-
tivity of uptake was quite high.
3.4. Immunodetection of phage particles
Immunodetection allowed visualization of individ-
ual phage particles. In preliminary experiments,
phagemid pC89 and helper phage M13KO7 particles
were immobilized on polylysine-coated slides and im-
munostained. The phagemid particles of approxi-
mately 0.5 Wm in length were revealed as bright ob-
long dots, whereas M13KO7 phage of approximately
1.2 Wm were resolved as elongated rods (data not
shown).
Hch5-phage bound strongly to the surface of
HEp-2 cells (Fig. 4A). Internalized particles were de-
tected within the cells in the optical planes through
the middle of the cells (Fig. 4B). In the cells proc-
essed for immunostaining without prior permeabili-
zation, only punctuate staining of extracellularly
bound phage on adjacent plasma membranes was
detected (Fig. 4C). No appreciable binding or inter-
nalization of Hch5-phage was demonstrated by
ECV304 cells (Fig. 4D).
Ech3-phage were bound and internalized by
ECV304 cells (Fig. 4E,F), the internalized phage
being predominantly localized to one side of the
cell nucleus (Fig. 4F). The immunolocalization of
Ech3-phage in individual cells was strikingly hetero-
geneous, showing strong binding and internalization
of phage in the majority of the cells and lack of
binding and uptake in other cells (Fig. 4E,F). Only
a few cells demonstrated an intermediate level of
binding and internalization. In non-permeabilized
ECV304 cells, extracellularly bound phage appeared
as elongated ‘aggregates’ (Fig. 4G). HEp-2 cells dem-
onstrated no signi¢cant binding or internalization of
Ech3-phage (Fig. 4H). Chloroquine dramatically af-
fected the distribution of Ech3-phage in ECV304
cells showing large elongated or circular accumula-
tions of intracellular phage (Fig. 4I) when compared
with the scattered ¢ne granular pattern of the phage
particles internalized in the absence of chloroquine
(Fig. 4F). The immunolocalization results show that
the peptides isolated from the phage display library
mediate selective intracellular delivery of phage par-
ticles in di¡erent cell types.
4. Discussion
Previous studies have demonstrated the isolation
of cell-binding peptides by in vitro and in vivo ap-
plication of phage peptide libraries [26^30]. We re-
port here a new selection strategy for the isolation of
cell-entering peptides which mediate internalization
of phage vectors in a cell-type speci¢c manner. A
potential use for such selection strategy is in the
identi¢cation of ‘targeting’ ligands that could medi-
ate intracellular delivery of macromolecules.
We have employed two innovations which seem to
be important for the e¡ective selection of internal-
izable phage-displayed ligands: use of multivalent
Table 2
Selectivity of Ech3-phage and Hch5-phage internalization by ECV304 and HEp-2 cells
Phage
population
Number of phage recovered from
ECV304 cells (TU per well)
Number of phage recovered from
HEp-2 cells (TU per well)
Ratio of the means: phage recovered from
ECV304 cells/phage recovered from HEp-2 cells
Ech3-phage (16.50 þ 2.7)U106 (0.19 þ 0.067)U106 97:1
Hch5-phage (0.061 þ 0.014)U106 (2.96 þ 0.12)U106 1:37
ECV304 and HEp-2 cells grown in 6-well plates to a subcon£uent monolayer were incubated with the indicated phage population
(2U1010 TU/well) for 3 h at 37‡C. The number of internalized intact phage was assayed as described [19]. The data are the
means þ S.D. from three wells and are representative of three experiments.
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phage display vectors and inactivation of extracellu-
lar-bound phage with subtilisin. Presentation of re-
ceptor-binding peptides on the phage surface in a
multivalent mode may be a prerequisite for e¡ective
phage uptake [19], because it is likely that pC89
phage of this size (0.5 Wm length) are internalized
via a mechanism resembling phagocytosis and in-
volving multipoint ‘zipper’ contacts of the phage par-
ticle with cell surface receptors [31]. Thus, although
cell-selective binding peptides have been isolated
from phage display libraries in several studies [26^
29], no signi¢cant internalization of the bound phage
has been reported [27,29]. The lack of phage uptake
in these studies may be due to the expression of the
peptides as fusions with pIII at low copy numbers
per phage particle that are insu⁄cient for multipoint
interactions with cellular receptors.
The second innovation, the use of the protease
subtilisin to inactivate extracellular phage, addresses
the issue of how solely internalized phage could be
recovered from the cells for ampli¢cation and subse-
quent rounds of reselection. We have shown that the
incubation of bound phage with subtilisin reduced a
portion of extracellular phage recovered together
with internalized phage in cell lysate to less than
0.1% [19]. Thus, treatment with subtilisin e¡ectively
inactivate extracellularly bound phage and allows
maintenance of viable internalized phage.
The selection scheme used in our study favored
isolation of peptides that facilitated the highest rate
of phage uptake. It is likely that these peptides bind
cell surface receptors that are expressed in abundance
and which undergo rapid internalization. Other pep-
tide variants targeting less abundant and/or slower
internalized receptors were depleted during selection.
For example, the RGD peptide mediates phage in-
ternalization at ten to a hundred times lower rate [19]
than phage populations described in this study. This
may explain why we were unable to identify RGD-
containing peptides in the pools of selected phage. In
general, the most e⁄ciently internalized peptide-on-
phage are not necessarily the most selective for a
particular cell type. Therefore, in order to isolate
the most selective ligands, protocols in which phage
that bind other cell types are subtracted from phage
internalized by the cell type of interest should be
employed.
The highly selective manner in which peptide-on-
phage are internalized by cells may also o¡er a
means to identify subpopulations of cells that di¡er
in cell surface determinants. This seems to be the
case for the phage populations Ech3, E3, and 24E3
(see Table 1) which showed heterogeneous binding
and internalization by individual ECV304 cells (see
Fig. 4E,F). A similar pattern of heterogeneous im-
munolocalization has been reported for phage se-
lected for binding to ¢broblasts [27]. Although
some cells demonstrated intermediate level of immu-
nostaining, most of the cells bound and internalized
phage in an all or none fashion. This heterogeneity
appears not to be related to the ability of the cells to
internalize phage since phage particles displaying in-
tegrin-binding peptides were taken up uniformly by
the individual cells (data not shown). Therefore, it is
likely that ECV304 are heterogeneous for the recep-
tor that recognizes the isolated peptide-on-phage.
The expression and/or availability of this receptor
for binding phage seems not to correlate with the
phase of the cell cycle, since incubation of the cells
with phage for either 3 or 21 h resulted in approx-
imately the same ratio of stained and non-stained
cells (data not shown). The heterogeneity of
ECV304 cells revealed by immunostaining of phage
suggests a high resolution power of the technique in
distinguishing subpopulations of endothelial cells in
a tissue culture model.
In conclusion, our results demonstrate feasibility
of exploiting multivalent phage display libraries for
the selection of novel peptide ligands that target en-
docytosing receptors and enter the cells. Optimiza-
tion of the existing vectors would facilitate e¡ective
isolation of such ligands and simplify their transplan-
tation into the appropriate delivery vehicles. This
may allow the generation of advanced targeting sys-
tems for intracellular delivery of macromolecules.
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